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Background: The strength of electron capture for medium mass nuclei has a significant effect 
on the evolution of supernovae. There is insufficient knowledge of these strengths and very little 
data for important radioactive nuclei. 

Purpose: Determine whether it is feasible to obtain EC strength from studies of To + 1 excitations 
in (p, n) reactions, and whether this might yield information for radioactive nuclei. 
Methods: Cross sections for the ^8, 60,62, 64 jv^j^-^^ ^^58, 60,62, 64q^ reactions were measured over the 
angular range of 0.3° to 11.6° at 134.3 MeV using the lUCF neutron time-of-fiight facility. 
Results: The To + 1 excitations in '^"''^'^m were identified by comparison with inelastic proton 
scattering spectra, their i3(GT) were extracted, and the corresponding electron capture rates in 
supernovae were calculated. Data from the TRIUMF {n,p) experiments at 198 MeV were reanalyzed; 
the electron capture rates for the reanalyzed data are in moderately good agreement with the higher 
resolution (p, n) results, but differ in detail. The possibility of future measurements with radioactive 
nuclei was considered. 

Conclusions: It is possible to determine electron capture strength from (p, n) experiments. This 
approach may make it possible to obtain electron capture strength for radioactive nuclei by studying 
{p, n) reactions in inverse kinematics. 

PACS numbers: 25.40.Kk, 95.30.Cq 



I. INTRODUCTION 

Interest in allowed Gamow- Teller strength in medium- 
mass nuclei {A — 20 — 70) is related to unresolved issues 
concerning weak strength in nuclear physics and astro- 
physics. The bulk of the electron capture (EC) strength 
in nuclei is not energetically accessible to direct mea- 
surement, but can be obtained from charge exchange re- 
actions (CER): the CER cross section at low momen- 
tum transfer (small angles) is proportional to the Gamow 
Teller strength i?(GT) for sufficiently high bombarding 
energies, above about 100-120 MeV/nucleon. The first 
systematic CER electron capture strength studies were 
performed at TRIUMF pL] using the {n,p) reaction at 
En ~ 200 MeV and achieved a resolution of about 1 
MeV for a number of nuclei. 

Large basis shell-model calculations for these nuclei 
are in reasonably good agreement with the {n,p) 
data. There are, however, significant differences for the 
Ni isotopes 0, d, More recent work with higher 
resolution, mostly with the {d, ^He) reaction Q, has 
also been in general agreement with shell model calcu- 
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lations, but in some cases there are significant differ- 
ences even in centroid locations @. Data from a re- 
cent ^*Ni(i,3lIe)measurement Q agree with the {d, ^He) 
results [il but less well with the TRIUMF data. The 
(t,3He) data are in good agreement with shell model cal- 
culations using the KB3G two-body interaction at low 
excitation energies E^, but the agreement is poorer at 
high Ex- The converse is true for the GXPFl interac- 
tion(for a detailed discussion see Ref. 0] and references 
therein). 

These uncertainties in predicted EC strength introduce 
uncertainties in predictions of the evolution of massive 
stars and the ensuing core-collapse supernovae. They 
also affect nucleosynthesis in Type la supernovae and the 
crust properties of neutron stars in accreting binary sys- 
tems. For details see Ref. [ij and references therein. It 
appears that further experimental and theoretical work is 
necessary to better define the effective interactions used 
in shell-model calculations and to permit more reliable 
calculations of electron capture strength for astrophysi- 
cal applications. 

In this paper we describe a less direct approach 
to studying electron capture strength: obtaining /3+ 
strength from studies of charge exchange in the f3^ di- 
rection. The strength of f3~ transitions to To -I- 1 states 
in the residual nucleus, where To is the isospin of the tar- 
get nucleus, is related by an isospin geometry factor to 
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FIG. 1: Diagram of transitions via {p,n), {n,p) and (p,p) 
interactions. More intense transitions are shown by darker 
lines. With the exception of the transition to the isobaric 
analog state, those shown involve transfer of total angular 
momentum, spin, and isospin AJ = AS = AT = 1. States 
labelled with the same quantum numbers are isobaric analogs. 
The symbols T>, T, and T< stand for To + 1, To and To - 1. 
We are concerned here with the relatively weak transitions to 
the 1"^, r> states. 



consisted of three identical, large volume, mean timed 
NE-102 detectors with a combined frontal area of 1.55 
m^ and a thickness of 10.16 cm [l^. Data were obtained 
at outgoing neutron angles of 0.3, 3.9, 8.0, and 11.6 deg 
for several different thresholds; all thresholds gave consis- 
tent results to within ±5%. Efhciencies were calculated 
with the Monte Carlo code of Cecil et al. The over- 
all energy resolution was about 500 keV FWHM, worse 
than usual, because of an unusual and uncorrectable jit- 
ter in the cyclotron timing signal. The total systematic 
uncertainty in the cross sections is ±13%. The peaks 
of main interest, see Fig. [21 are those labelled To + 1, 
and located near = UA and 18.6 MeV in s°Cu and 
^^Cu, respectively. The state in ^"Cu was apparently not 
seen in lower statistics work on that nucleus at 120 and 
160 MeV [HI. A more detailed view of the To + 1 cross 
sections is shown in panels (a) and (c) of Fig. [H These 
results show that a high statistics experiment can observe 
the To + 1 states, even with relatively poor resolution. 



/3+ strength from the same nucleus, as shown in Fig. [T] 
Specifically, = {To + l){2To + 1). This method 

has been exploited previously for the obvious case of self- 
conjugate nuclei and for the T = 1 nuclei ^^Mg [l^, [ll| 
and 5^Ni [H, [H [13. Here we apply the technique to 
nuclei with higher isospin: 60,62,64]>,jj 

To obtain To + 1 strength with (p, n) reactions, one 
has to deal with two important issues. First, the To + 
1 states appear at high excitation energy, and lie on a 
large background; this is presumably the reason earlier 
experiments in this mass region with poorer statistics had 
not seen these states [l^. And second, charge exchange 
reactions such as (p, n) do not have an isospin meter; they 
are not selective of isospin. In the present high statistics 
{p, n) experiment on the T = 2 and T = 3 nuclei '50.62]s^i^ 
we observe peaks at the expected energies of To -I- 1 states 
and present reasonably convincing evidence that they are 
To -I- 1 states. It, therefore, appears that both of the 
above issues can be dealt with although some ambiguities 
remain. 

In Section II we describe the experimental procedures 
and in Section III present the results for i3(GT) and re- 
action rates. In Section IV we discuss some options for 
future measurements of electron capture strength for ra- 
dioactive nuclei using inverse kinematics, with heavy ra- 
dioactive beams incident on hydrogenous targets. 



II. EXPERIMENTAL PROCEDURES 

The beam-swinger time-of-flight system at the Indiana 
University Cyclotron Facility was used to measure neu- 
tron time of flight spectra resulting from the bombard- 
ment of 36 to 50 mg/cm^ 58,60,62,64]\jj targets (isotopically 
enriched to > 96%) by 134.3 MeV protons. The detec- 
tion station was placed at 0°, 85.8 m from the target, and 



III. RESULTS 

The angular distributions for the high lying excitations 
in 60,62j,j- g^j,g shown in Fig. [31 The curves are DWBA 
calculated shapes for L = performed with the code 
DWBA70 [H, effective interactions at 140 MeV from 
Love and Franey [2^, optical model potentials of Ref. 
[m, and simple {i^jTiivj^J^ wave functions. The ob- 
served angular distributions are forward peaked and are 
consistent with T = GT excitations. 

We next deal with the evidence for assigning To + 1 
as the isospin of these peaks. Perhaps most important 
is the comparison with spectra for the {p,p') reaction 
that are shown on the energy axis in Fig. [51 The {p,p') 
reaction near zero degrees populates 1^ states preferen- 
tially, with a spin strength proportional to _B(GT) for 
the analog CER, but it can populate both isospin To and 
To -|- 1 states. The sharp states seen at high excitation in 
the (p,p') spectra have been assigned as To -|- 1 [H, H^l 
for two main reasons. First, as To of the target nucleus 
increases, these states shift systematically to higher 
with respect to the To strength, as would be expected for 
a state of isospin To -I- 1 . And second, although the states 
are unbound to neutron decay and have low angular mo- 
mentum, they are quite narrow; their observed width is 
consistent with the experimental resolution, presumably 
because the neutron decay of To + 1 states is isospin for- 
bidden and the proton decay energy is well below the 
Coulomb barrier. The positions of the sharp {p,p') peaks 
agree approximately with those seen in (p, n) , after cor- 
recting for Coulomb effects, supporting a To -f 1 assign- 
ment for the states seen in the {p, n) reaction. 

Shell model calculations done in a simple basis [1^ 
also support the To -I- 1 assignment; the To -I- 1 strength is 
separated from To strength for A > 58, and is localized 
in a few strongly populated states. As expected, the 
separation grows as N — Z increases. We shall see that 
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Ni(p,n)Cu Ep= 134 MeV 6^ =0.3° 




FIG. 2: Spectra for 58,60,62,64 j^j ^^^^^ reactions at 134.4 MeV. 
There are about 10* counts per channel in these spectra, suf- 
ficient to observe the weak To + 1 states as described in the 
text. The numbers above the peaks in the spectra are excita- 
tion energies. Spectra observed in {p,p') reactions on the 
target nuclei are plotted on the energy axis. The sharp peak 
at the left of each (p,p') spectrum is the lowest-lying To -\- 1 
state. 



these states lie low in the spectra reached via (n,p) from 
the same target. 



A. Comparison with (p,p') 

The isospin analog of a state at i^^; (target) , seen in 
the {p,p') reaction, will occur in the (p, n) product nu- 
cleus at approximately the same energy above the ana- 
log of the ground state (labeled IAS in Fig. [T|), i.e., 
E^{p,n) = E^{p,p') +Ex{IAS). In Table [J the relevant 
energies are tabulated, showing that the energies of the 
analogs of the strongly excited [p, p') states and of the ob- 
served peaks in ^"'^^Cu agree within the accuracy of the 
present measurements (±0.1 MeV). There is also a small 
enhancement at the expected energy in ^"^Cu (not visible 




^c.m.(deg) 

FIG. 3: Angular distributions for the To + 1 excitations in 
^°Ni (upper points) and ^'^Ni (lower points). The ^"Ni cross 
sections have been multiplied by 10 for display purposes. The 
curves are the DWBA calculations described in the text. 

on the scale of Fig.[2l), but with the present resolution, it 
is barely one standard deviation above background, and 
is too weak to permit extraction of meaningful cross sec- 
tions. The observed widths of the lowest lying To + 1 
peaks are consistent with the resolution of the (p, n) and 
(n,p) experiments (these states are isospin forbidden to 
decay by neutron emission and the proton decay energy 
for isospin allowed decays is in the 2 to 3 MeV range, 
well below the Coulomb barrier). The predicted excita- 
tion energies of the states in ^Co that would be reached 
by the corresponding "*Ni(rt,p) transitions are also given 
in Table [J 

B. Determination of B(GT) 

We extracted the B{GT) corresponding to the To + 1 
excitations by comparing their strength to that of the 
Fermi (AL = AS = 0) transition to the IAS, (S(F) 
w {N — Z)), both evaluated at the same small momen- 
tum transfer {q « 0.05 fm~^) using the standard tech- 
niques We make the usual assumption [25|, fairly 
accurate for this energy range, that the ratio of cross sec- 
tions for Fermi and GT transitions of equal strength is 
proportional to {Ep{MeV) /5A.9)'^ . This corresponds to 
a unit cross section, the ratio of cross section to B{GT), 
of 4.39 mb (4.23 mb) for 6°Ni (^^Ni), in good agreement 
with the value of 4.49 mb (4.29 mb) used by [1] at 198 
MeV. This is not surprising since the energy dependence 
of unit cross sections is weak. 

Determination of the number of counts in the To + 1 
states in ^''■^^jsjj done by fitting the data with a poly- 
nomial background and a sum of Gaussians. The results 
for a quadratic background and two or three Gaussians 
are shown in Fig. 21 For ^"Ni a linear background did 
not adequately reproduce the overall spectrum shape. 
Fits to the ^"Ni data with three Gaussian peaks were 
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TABLE I: Expected and observed energies of the lowest lying To + 1, 1"^ states in the Cu isotopes following (p, n) reactions and 
in the Co isotopes following (n,p) reactions. 



Target 






Ex{^Cu, expected)'' 


Ex{'^Cu, observed) 


E^i'^Co, predicted)"* 


E^i^Co, observed)" 




(MeV) 


(MeV) 


(MeV) 


(MeV) 


(MeV) 


(MeV) 


b^Ni 


11.85 ± 0.02 


2.54 ±0.02 


14.39 


14.4 ± 0.1 


0.75 


0.54 


62Ni 


14.00 ± 0.02 


4.63 ±0.01 


18.63 


18.6 ± 0.1 


0.52 


0.59 


64Ni 


15.62 ± 0.02 


6.82 


22.4 




0.25 





"From the -^Ni (p,p') results of Refs. [HIH 
''Ref. [51 

''Prom E4p, n) = E^{p,p') + E^IAS) 

'^Calculated from Ex{^Ni) in the first column and known Coulomb energies 
''From fits to the data of Ref. Q as shown in Fig. |4] 



not superior within statistics, although they allowed for 
the use of the same width, consistent with the energy 
resolution, for the three peaks. For ^^Ni the lower lying 
peak was well defined, but the strength of a second peak 
could not be determined unambiguously; its area was 
fixed at the same value relative to the lower excitation 
peak as in the TRIUMF data (see below). This yields a 
satisfactory description of the data as shown in Fig. U) 
The results for B{GT) are collected in columns (2) and 
(3) of Table [III The uncertainties shown include a 13% 
systematic error, dominated by the uncertainties in the 
cross section of the IAS (8%) and in the extrapolation to 
q = (10%). In most cases the statistical uncertainty is 
larger, because the peaks sit on a large background. The 
B{GT) are converted to those that would be measured 
in {n,p) reactions by multiplying by the appropriate ra- 
tio of Clebsch-Gordon coefficients, 15 for ^''Ni and 28 for 

62Ni. 



C. Comparisons with other {p,n) and (n,p)data 

Data for '^^'^^m are available from 120 MeV {p,n) 
measurements at lUCF [l^, but the statistics are not 
sufficient to observe the weakly excited To ± 1 states in 
^°m. The 198 MeV Ni(n,p) reaction studies at TRI- 
UMF observe the 58,60,62,64]vji ^^^^^^^ directly 0, || 

and warrant a detailed comparison with the present data 
for ^^''^^m. This is not possible for ^^^^^m. The To + 1 
strength in ^*Ni(p, ti) is not sufficiently separated from 
To strength to permit a reliable identification without 
further information [13, [13, [3| • And as noted above the 
strength we observe for ^'^Ni is significant only at the one 
standard deviation level. 

Since only the stronger low-lying excitations can be ex- 
tracted from the present data, in the 6th column of Table 
|ll]we compare with the results from ref. ,4j as reported 
in Fig. 12 of that paper, integrated over a comparable 
energy range, namely up to = 3.2 or 4.0 MeV. The 
numbers quoted in Fig. 12 of Ref. in this energy in- 
terval are about 25% smaller than those given in Fig. 10 
and Table II of that paper, as has been previously noted 
in Ref. [1]; we use the results in Fig. 12 because they are 



given as a function of excitation energy. 

A somewhat more detailed qualitative comparison is 
also possible. Figs. 2-4 of Ref. referred to as 

"Williams" in the following discussion, present the {n,p) 
data prior to multipole decomposition. Those data are 
given in smaller bins than the final results, 300 keV com- 
pared to 1.0 MeV, and have structure that did not survive 
the multipole decomposition procedure. For example, the 
spectrum for ^"Ni in Fig. 2 of Williams has two peaks 
below Ex — 4: MeV that, as is shown by their Fig. 6, 
are dominated by L = strength. These peaks are not 
separately visible in the L = spectra of Williams, Fig. 
9. We have scanned the Williams data (in their Figs. 2 
and 3) for ^^'^^Ni and fitted them with quadratic back- 
grounds and two or three Gaussians as was done for the 
134.3 MeV data. For the WiUiams ''"Ni data, the three- 
Gaussian fits were superior. The quadratic backgrounds 
presumably account mainly for the contribution of higher 
L transitions, at least for the Williams data. 

In Fig. |4]we show both the Williams cross section data 
at En = 198 MeV and the present data for the To + 1 
states at E,, = 134.3 MeV. For "^^Ni, the locations and 
spacing of the two lowest states are in excellent agree- 
ment; for ^^Ni the position of the lowest lying state is 
the same within about 170 keV, consistent with com- 
bined experimental uncertainties. The cross sections for 
the lowest lying states near 0.6 MeV agree within the un- 
certainties. However, the relative intensities of the two 
lowest states for ^°Ni observed in the present 134.3 MeV 
data differ significantly from those in the Williams data. 
The reason for this difference is not understood. We have 
investigated whether changes in the details of the fitting 
procedure could significantly change this ratio; system- 
atic changes in the ratio of more than 15% seem unlikely. 

In order to convert the Williams cross section data of 
Fig. |4] to B{GT), the cross sections were extrapolated 
to 0° using the ^^Ni(n,p) angular distribution shown in 
Williams, Fig. 5, and then to q — using the momen- 
tum transfer dependence found in the present 134.3 MeV 
data. The unit cross sections from Williams were used 
to convert the resulting cross sections to i?(GT). The re- 
sults are shown in Column 4 of Table [Til Only statistical 
errors, typically 3-5% are quoted in Williams. It seems 
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TABLE 11: Values of B{GT) for transitions to 1^, To + 1 states in '^Cu: {p,n); and in '^Co: {n,p). The values are those for 

two-Gaussian fits, except for the TRIUMF (n,p) results for ^''Ni where the results for the three-Gaussian fits are shown in 
parentheses. 

Target (g^-MeV)" B(GT)-(p,n) B(GT)-(n,p)'' B{GT)-in,py 5(GT),^'^ B{GT)triumf'' 
''"Ni(0.65) 0.063 ± 0.010 0.95 ± 0.15 0.89 (1.03) 
''°Ni(2.4) 0.026 ± 0.008 0.39 ± 0.12 1.47 (0.97) 

''°Ni(0.65+2.4) 0.089 ± 0.014 1.34 ± 0.22 2.36 (2.00) 2.7 (3.0) 2.0 
''2Ni(0.6) 0.032 ± 0.007 0.89 ± 0.20 1.01 
''2Ni(2.3) 0.014 ± 0.005 0.39 ± 0.14 0.40 

^^Ni(0.6-h2.3) 0.046 ± 0.010 1.28 ± 0.29 1.41 1.9 (2.0) 1.3 

"The Ex are the positions that these states would occur in the analog system ^''Co. 

'Obtained by multiplying the results obtained from (p, n) listed in the second column by the isospin geometry factors: 15.0 for ^''Ni, and 
28.0 for ^^Ni. 

"^From the data of Figs. 2 and 3 in Ref. 0| as analyzed in the present paper using, mainly, two-Gaussian fits. The values in parentheses 
for ^''Ni are the results of three-Gaussian fits after summing the strengths for the upper two states; for separate values see Fig. [S] For 
details see text. 

''From Caurier, et al. Q. The strength quoted is the sum of strengths to 1+ states lying below 3.2 (4.0) MeV. 
"^From Ref. R|, Fig. 12, integrated over the energy range up to 3.2 (4.0) MeV. 



probable, however, given various experimental uncertain- 
ties and uncertainties in the unit cross section that the 
overall uncertainties are at least 10% and perhaps larger. 

As we have noted for the cross sections, the values of 
B{GT) from the {p,n) and {n,p) reactions agree within 
the uncertainties for the states near 0.6 MeV in ^"'^^Ni, 
but the excitation of the 2.4 MeV state in ^°Ni is much 
stronger in (n,p). 



D. Comparisons with shell-model calculations 

In Table lU we compare our results with the large basis 
shell-model calculations of Ref. These calculations 
use a renormalized (reduced) GT operator, gA/gv = 1-0 
The theoretical strength is concentrated at low excita- 
tion, mostly below = 4.0 MeV. However, we shall see 
later that the energy distribution of theoretical strength 
for ^°Ni differs greatly from experiment, mainly lying 
near the high energy peak of Fig. [H 

E. Comparisons of B{GT) and electron-capture 
rates 

The values of B{GT) for ^'^Ni from the two experi- 
ments and from the shell model calculations of Ref. Q 
are shown in Fig. [S] In cases where the fitted cross sec- 
tion peaks had widths consistent with the experimental 
resolution we plotted their B{GT) at the position of the 
peak; this applied to the lower lying peak in all the data 
fitted in this paper and to the higher-lying peak when fit- 
ted by the sum of two Gaussians. When the higher- lying 
peak was fitted by a single Gaussian, the fitted width 
was greater than the resolution, and the strength was di- 
vided into 200 keV bins. The values obtained are plotted 
in panels (a) and (b) of Fig. [51 In Fig. 12 of Williams [4] 
the i3(GT) are given in 1.0 MeV wide bins, with one of 



the bins extending to = -0.5 MeV. The 1.0 MeV bins 
were subdivided into 200 keV intervals, and the values at 
Ex < MeV were incorporated uniformly into the lowest 
three bins; the results are shown in panel (c). The shell 
model results of Ref. are shown in panel (d) . 

There are significant differences among the distribu- 
tions of B{GT) of Fig. [51 The resuhs from Fig. 12 
of Williams [3] extend to lower E^ than do those from 
the analyses of the same date carried out in this paper, 
presumably as a result of the binning procedure used in 
the multipole analysis. This will result in larger electron 
capture rates at relatively low temperatures and densi- 
ties in astrophysical environments, as we show in Fig. [6l 
We would argue that the results of the present analysis 
are more reliable. On the other hand, the strengths pre- 
dicted by the shell model are peaked at high energies 
and will become important only at rather high tempera- 
tures or densities. 

Electron capture rates are calculated for the different 
distributions of Fig. [51 using the code described in Ref. 
[26] . Electron chemical potentials were computed from a 
tabulation [l^]. These calculations ignore contributions 
from higher-lying states and from capture on thermally 
excited states that will be important at high tempera- 
tures and densities. Details of the calculation and addi- 
tional references are given in Q . 

Rates were calculated on a grid including values of pYe 
from 10^ to 10^4 gcm'^ and of T from (0.01-100) xlO^ 
K. In Fig. [SI we show the rates for two representative 
pYe of interest in the pre-supernova evolution of massive 
stars: pYe = 10^ and 10^ gcm~'^. In a 25AIsun star, for 
example, the former is characteristic of various stages of 
Si burning, when the temperature Tg « 2 — 4; the latter 
occurs late in the pre-supernova stage when Tg > 10. 
In panels (a) and (b) the absolute rates are shown: in 
panels (c) and (d) the rates are compared to those for 
the present 134.3 MeV data. For details, see the text. 
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FIG. 4: (Color on line) Panel (a): Spectrum for 
*Ni(p, nf°Co at 134.3 MeV, in the region of the To + 1 states. 
The black and gray curves are two- and three-Gaussian fits, 
resp. Panel (b): Spectrum for ^°Ni(n,p)^°Co at 198 MeV. 
The black and gray curves are two- and three-Gaussian fits, 
resp. Panel (c): Spectrum for '^^Ni(p, n)'^^Co at 134.3 MeV, 
in the region of the To + 1 states. Panel (d): Spectrum for 
'^^Ni(n,p)''^Co at 198 MeV. The 198 MeV data are from Ref. 
U and the 134.3 MeV data are from the present work. Spec- 
tra are fitted with a second order polynomial background and 
two or three Gaussian peaks. For details see the text. 
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FIG. 5: Values of B{GT) for ^"Ni obtained from the present 
134.3 MeV (p, n) data and the 198 MeV TRIUMF (n,p) data. 
Panels (a) and (b) show the results of the fits to the (p, n) and 
the (n,p) cross sections as described in the text and shown in 
FigiHl Panel (c) shows -B(GT) from the Multipole Decompo- 
sition Analysis (MDA) performed in Williams Q], and shown 
in Williams Fig. 12. The results from large scale shell model 
calculations 21 ^^re shown in panel (d). For details see the 
text. 



We find that: (1) The rates for the two- and three- 
Gaussian fits to the 134.3 MeV (p, n) data are almost 
the same over the entire parameter space, reflecting the 
similarity of the two and three-Gaussian fits. (2) The 
TRIUMF results for the Gaussian fits made in the present 
paper differ from the 134.3 MeV data, but rates for the 
three-Gaussian fits are in fairly good agreement, espe- 
cially at the higher densities and/or temperatures. (3) 
At lower temperatures and densities, the rates for the 
B{GT) results presented in Fig. 12 of Williams [1] are 
considerably higher than the others shown. 

We conclude from these comments that the Multipole 
Decomposition Analysis for the TRIUMF data affects the 
resulting i3(GT)s significantly, at least for ^°Ni. It also 
appears that obtaining electron capture rates from {p, n) 
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FIG. 6: (Color on line)Reaction rates obtained from the _B(GT) of Fig. O The upper two panes show the absolute rates and 
the lower two panels the results compared to those for the 134.3 MeV (p,n) data. For details see the text. 



data is a viable procedure. 



IV. MEASUREMENTS OF EC STRENGTH FOR 
RADIOACTIVE NUCLEI. 

Studies of the electron capture strength of radioactive 
nuclei must be done using inverse kinematics (IK), with 
a radioactive beam of heavy nuclei incident on a light 
target. Such studies will be necessary to explore nuclei 
with significant neutron excesses and to make possible 
studies on odd-odd nuclei; among these only is a sta- 
ble target. Under the conditions of interest {Oc.m. near 
0°, Ex in the 0-15 MeV range) the outgoing light par- 
ticles typically have small energies; if these particles are 
charged, exceedingly thin targets are required, yielding 
a very small reaction rate. The (p, n) reaction does not 
have this problem; the low energy neutrons can easily 
leave the target. 

There are, however, limitations on the use of the (p, n) 
technique. It is applicable only to nuclei with isospin 
large enough that the splitting of To and To + 1 states 
allows one to isolate To + 1 strength with reasonable cer- 
tainty. For a To = 1 nucleus like ^*Ni the To and To -I- 1 
excitations are strongly intermixed as discussed in de- 



tail in ref. |1^]. Because the strength of a transition is 
roughly proportional to I/Tq, the isospin must also be 
sufficiently small that the To -I- 1 states are observable. In 
the present experiment the To -I- 1 states were barely seen 
in ^"^Ni with To = 4. Better resolution would increase 
the peak to background ratio and make it possible to ob- 
serve To -|- 1 states for nuclei with higher isospin. If, for 
example, a resolution of 200 keV could be obtained for 
IK (p, n) reactions, 2.5 times better than in the present 
experiment, one could study nuclei where the relative 
strength of the To-l-1 excitations is a factor of 2.5 smaller, 
corresponding to To as large as 5 (^^Ni has To = 3). It 
is not clear whether such nuclei can be reached in prac- 
tice; one may be limited by the intrinsic decay widths or 
spreading widths of the states. And obtaining 200 keV 
resolution will be challenging; it will certainly require the 
intensities of an advanced radioactive beam facility. At 
present intensities feasible resolutions are in the 0.5-1.0 
MeV range. 

Inverse kinematics (p, n) approaches are being under- 
taken at the NSCL. Detecting the low energy neutrons is 
feasible, but presents a significant challenge. Moreover, 
the cm. energy typically depends on the laboratory an- 
gle of the emitted neutron so the detection system must 
have high angular granularity to obtain good resolution 
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in Ex- Construction of a detector that will meet these 
challenges is underway. 

V. SUMMARY 

We have shown that {p, n) reactions at 134.3 MeV have 
sufficient sensitivity to extract B{GT) for strongly ex- 
cited To + l states, provided that the isospin of the target 
nucleus is neither too large nor too small. Electron cap- 
ture strengths for the lowest lying To + l states in ^^'^^Ni 
were extracted from data for the (p, n) reaction and com- 
pared with {n,p) data and with large basis shell model 
predictions. The fits to the raw TRIUMF {n,p) cross 
section data performed in the present paper yield results 
rather close to the {p, n) results for the lowest lying peak 
but have larger strength to higher-lying states for ^"Ni as 
shown in Fig. 31 However, the multipole analysis leading 
to the B{GT) presented in Williams Ref. ^] moves some 
strength to lower energies. 

Electron capture rates were calculated for two cases 
of interest in the pre-supernova evolution of massive 



stars. The results for the present analyses of the 134.3 
MeV {p,n) data and of the Williams {n,p) data are 
in reasonable agreement, except at the lowest temper- 
atures and densities. However, the B{GT) extracted by 
the Williams multipole analysis yields significantly larger 
rates, particularly at low T. 

That (p, n) reactions lead to electron capture rates that 
are in agreement with {n,p) results, when both are ana- 
lyzed in the same fashion, supports using (p, n) reactions 
in IK to study To -\- \ states in radioactive nuclei. We 
conclude that the IK approach may be useful for the ra- 
dioactive nuclei that play an important role in supernova 
evolution and whose electron capture strength is difficult 
to obtain in other ways. 
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